Objective: To test the hypothesis that restoration of antithrombin plasma concentrations attenuates vascular leakage by inhibiting neutrophil activation through syndecan-4 receptor inhibition in an established ovine model of acute lung injury. Design: Randomized controlled laboratory experiment. Setting: University animal research facility. Subjects: Eighteen chronically instrumented sheep. Interventions: Following combined burn and smoke inhalation injury (40% of total body surface area, third-degree flame burn; 4 × 12 breaths of cold cotton smoke), chronically instrumented sheep were randomly assigned to receive an IV infusion of 6 IU/kg/hr recombinant human antithrombin III or normal saline (n = 6 each) during the 48-hour study period. In addition, six sham animals (not injured, continuous infusion of vehicle) were used to obtain reference values for histological and immunohistochemical analyses. Measurements and Main Results: Compared to control animals, recombinant human antithrombin III reduced the number of neutrophils per hour in the pulmonary lymph (p < 0.01 at 24 and 48 hr), alveolar neutrophil infiltration (p = 0.04), and pulmonary myeloperoxidase activity (p = 0.026). Flow cytometric analysis revealed a significant reduction of syndecan-4-positive neutrophils (p = 0.002 vs control at 24 hr). Treatment with recombinant human antithrombin III resulted in a reduction of pulmonary nitrosative stress (p = 0.002), airway obstruction (bronchi: p = 0.001, bronchioli: p = 0.013), parenchymal edema (p = 0.044), and lung bloodless wet-to-dry-weight ratio (p = 0.015). Clinically, recombinant human antithrombin III attenuated the increased pulmonary transvascular fluid flux (12-48 hr: p ≤ 0.001 vs control each) and the deteriorated pulmonary gas exchange (12-48 hr: p < 0.05 vs control each) without increasing the risk of bleeding. Conclusions: The present study provides evidence for the interaction between antithrombin and neutrophils in vivo, its pathophysiological role in vascular leakage, and the therapeutic potential of recombinant human antithrombin III in a large animal model of acute lung injury. (Crit Care Med 2013; 41:e439-e446) Key Words: acute respiratory distress syndrome; burn and smoke inhalation injury; neutrophil migration; syndecan-4 receptor P ulmonary vascular leakage represents a central pathomechanism of burn and smoke inhalation injury (1), resulting in interstitial edema, impairment of microcirculation, organ dysfunction, and eventually multiple organ failure. The development of acute lung injury (ALI) due to severe pulmonary edema increases the mortality of burn patients by ~40% (2). Therefore, therapeutic strategies to limit this fatal pathophysiological cascade are urgently warranted. However, the underlying mechanistic aspects of the pulmonary hyperpermeability are not completely understood.
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For information regarding this article, E-mail: peenkhba@utmb.edu Antithrombin Attenuates Vascular Leakage via Inhibiting Neutrophil Activation in Acute Lung Injury Sebastian Rehberg, MD, PhD 1,2 ; Yusuke Yamamoto, MD, PhD 1 ; Linda E. Sousse, PhD 1 ; Collette Jonkam, MD 1 ; Yong Zhu, PhD 1 ; Lillian D. Traber, RN 1 ; Robert A. Cox, PhD 3, 4 ; Donald S. Prough, MD 1 ; Daniel L. Traber, PhD 1,4 † ; Perenlei Enkhbaatar, MD, PhD 1, 4 a marked activation of the inflammation cascade in ALI (1) . Notably, ATIII not only represents the most potent endogenous anticoagulant (7) but also provides multiple anti-inflammatory properties independent from its anticoagulant effects (8) . These anti-inflammatory effects are based on an interaction with neutrophils mediated via the syndecan-4 receptor (9), a G-protein-coupled transmembrane proteoglycan receptor on endothelial cells and neutrophils (10) . Whereas there are some in vitro studies demonstrating the inhibition of neutrophil activation by ATIII (9) (10) (11) , the clinical relevance and the therapeutic potential of ATIII for the treatment of vascular leakage remain to be determined.
We hypothesized that an IV infusion of recombinant human ATIII (rhATIII) attenuates vascular leakage by inhibiting neutrophil activation and their transendothelial migration via the syndecan-4 receptor in a clinically relevant, established ovine model of ALI (12) (13) (14) . Therefore, the present prospective, randomized, controlled laboratory experiment was designed to elucidate the effects of rhATIII on neutrophil activation and their transendothelial migration as well as on pulmonary transvascular fluid flux, pulmonary edema, gas exchange, nitrosative stress, and lung histology changes (15) .
METHODS

Instrumentation and Surgical Procedures
After approval by the Local Animal Research Committee, 18 female sheep were anesthetized and instrumented for chronic hemodynamic monitoring using an established protocol. Details on the instrumentation are provided in the supplemental data (Supplemental Digital Content 1, http://links. lww.com/CCM/A733).
Experimental Protocol
After 5 days of recovery, baseline (BL) measurements were performed. Following tracheostomy and placement of an urinary bladder catheter, sheep were subjected to a 40% of total body surface area, third-degree flame burn and 4 × 12 breaths of cold cotton smoke under deep anesthesia using an established protocol (13, 14, 16) . The sheep were then randomly assigned to the study groups (n = 6 each): control (injured, continuous infusion of vehicle [NaCl, 0.9%]) or rhATIII (injured, continuous infusion of 6 IU/kg/hr rhATIII [GTC Biotherapeutics, Framingham, MI] from 1 hr postinjury until the end of the study period). The investigators were unaware of the animals' group assignment during the experiment. In addition, six sham animals (not injured, continuous infusion of vehicle) were used to obtain reference values for histological and immunohistochemical analyses.
During the experiment, all animals were deprived from drinking water and equally resuscitated with IV lactated Ringer's solution according to the formula: 4 mL/kg/% burned body surface area within 24 hours (17) . To compensate for the burn-induced hypovolemia, sheep received 50% of the fluid amount calculated for 24 hours within the first 8 hours after injury. After 48 hours, sheep were deeply anesthetized with ketamine and euthanized by injection of 60 mL of saturated potassium chloride.
Pulmonary Hemodynamics, Gas Exchange, and Plasma and Lymph Analyses
Hemodynamic measurements, analyses of plasma and lymph samples for determination of neutrophil counts, nitric oxide, protein concentration, variables of plasmatic coagulation, and flow cytometric analysis for syndecan-4 receptor activation were performed at specific time points. Details on these measurements are provided in the supplemental data (Supplemental Digital Content 1, http://links.lww.com/CCM/A733).
Histological, Western Blot, and Immunohistochemical Analyses
Histological analyses and assessment of bloodless lung wet-todry-weight ratio were performed as reported in detail earlier (18, 19) . 3-Nitrotyrosine protein expression in lung tissue was determined using anti-3-nitrotyrosine monoclonal antibody (Cayman Chemicals, Ann Arbor, MI; Catalog No. 10006966) with streptavidin secondary antibody as described previously (20) . Myeloperoxidase activity was determined using a commercially available assay (Myeloperoxidase Activity Assay, Northwest Life Science Specialties, Vancouver, Canada) according to the manufacturer's protocol.
Statistical Analyses
Sigma Stat 3.1 software (Systat Software, San Jose, CA) was used for statistical analyses. Analysis of variance (ANOVA) methodologies appropriate for two factor experiments with repeated measures across time for each animal were used. Each variable was analyzed separately for differences among groups, across time, and for group by time interaction. After confirming the significance of different group effects over time, post hoc pairwise comparisons among groups were performed using the Student-Newman-Keuls procedure to adjust for the elevated false-positive rate found otherwise in multiple testing. Wet-todry-weight ratio, histological scores, tissue concentrations of 3-nitrotyrosine, and myeloperoxidase activity were compared with one-way ANOVA and Holm-Sidak post hoc analysis. Data are presented as mean ± sem. Differences were considered as statistically significant, when p was less than 0.05.
RESULTS
BL Characteristics
There were no differences among study groups in any of the investigated variables at BL. Mean body weight (control: 39 kg ± 2 kg vs rhATIII: 34 kg ± 2 kg; p = 0.126) and carboxyhemoglobin values after the smoke inhalation, as an index of the severity of injury, did not differ among groups (control: 66% ± 6% vs rhATIII: 69% ± 7%; p = 0.78).
Laboratory Analyses
In control animals, combined burn and smoke inhalation injury was associated with an immediate decrease of ATIII www.ccmjournal.org e441 plasma concentrations resulting in significantly lower values compared with BL over the whole study period (p < 0.05 each). The continuous infusion of rhATIII prevented this decrease and kept ATIII plasma concentrations not only higher than in control animals (p < 0.05 each) but also at BL level.
There was an increase in prothrombin time in both groups as compared to BL at 12 hours (p < 0.01 each). However, no statistical differences in variables of plasmatic coagulation, that is, prothrombin time, activated clotting time, and activated partial thromboplastin time, could be shown between the two study groups. Laboratory variables are depicted in detail in Table 1 .
Neutrophil Activation and Transendothelial Migration
In both study groups, burn and smoke inhalation injury was characterized by an increase of neutrophils in the peripheral blood up to about 300% as compared to BL (p < 0.01 each) ( Fig. 1A) . Interestingly, there was a corresponding increase in the number of neutrophils per hour in the pulmonary lymph fluid in control animals (p = 0.014 vs BL at 48 hr), but no increase at all in animals treated with rhATIII (p < 0.01 vs control at 24 and 48 hr) ( Fig. 1B) . In addition, histological analyses revealed significantly less neutrophils in the alveolar space in the rhATIII group as compared to the control group (p = 0.004) ( Figs. 2A and 3) . These changes were associated with a significant decrease in myeloperoxidase activity, an index of leukocyte accumulation including neutrophils (21) , in the rhATIII group as compared to the control group (p = 0.026) ( Table 2) .
Flow cytometric analysis of CD11b and syndecan-4-positive neutrophils in the peripheral blood showed a peak after 24 hours in control animals (p = 0.001 vs BL) ( Fig. 2B) . This increase was prevented in animals treated with rhATIII (p = 0.002 vs control).
Nitrosative Stress
Plasma concentrations of nitrites and nitrates (NOx) significantly increased in control animals as compared to BL (p < 0.05 at 24 and 48 hr) ( Table 1 ). This increase was significantly attenuated in the rhATIII group (p < 0.05 vs control at 24 and 48 hr). Western blot analysis of lung tissue revealed an increase in 3-nitrotyrosine concentrations in both injured groups as compared to sham animals (p < 0.05 each). However, infusion of rhATIII reduced the pulmonary 3-nitrotyrosine level as compared to the control group (p = 0.002). The Western blot analyses are depicted in Figure 4 .
Histological Analyses
Lung tissues of control animals were characterized by an increased obstruction of bronchi and bronchioli as well as higher histological scores for alveolar edema and hemorrhage as compared to sham animals (p < 0.05 each). Obstruction of bronchi and bronchioli was attenuated in animals treated with rhATIII as compared to control animals (p ≤ 0.01 each). In addition, alveolar edema score was significantly lower in the rhATIII group than in the control group (p = 0.044). No statistical differences in alveolar hemorrhage could be shown between injured groups. However, there was a trend to less hemorrhage in samples from treated animals (p = 0.065). The individual scores and data are presented in detail in Table 2 . Representative slides are shown in Figure 3 .
Ventilatory Variables
Beginning at 24 hours after the injury, peak and plateau pressures increased in control animals, reaching the upper limit at 48 hours (p < 0.001 vs BL each). In parallel, respiratory rate in control animals almost doubled during the study period (p < 0.001 vs BL).
In the rhATIII group, peak and plateau pressures were significantly lower than in the control group from 24 to 48 hours (p < 0.05 each). In addition, respiratory rate was lower as compared to control animals at the end of the study period (p = 0.007).
Pulmonary Hemodynamics, Gas Exchange, Transvascular Fluid Flux, and Bloodless Lung Wet-to-Dry-Weight Ratio
Mean pulmonary arterial pressure (MPAP) progressively increased over the study period in both groups (p < 0.001 vs BL at 48 hr each) ( Table 1) . However, treatment with rhATIII attenuated this increase as compared to control animals (p < 0.05 at 12 and 24 hr). Combined burn and smoke inhalation injury was associated with a severe deterioration of pulmonary gas exchange as represented by the significantly lower Pao 2 /Fio 2 ratios in both study groups at 24 and 48 hours as compared to BL (p < 0.001 each). However, compared to the control group, Pao 2 /Fio 2 ratios were significantly higher in the rhATIII group from 12 hours until 48 hours postinjury (p < 0.05 each) (Table 1) . Notably, two animals of the control group had to be killed before the end of the study period (at 36 hr and 42 hr, respectively) because of fulminant pulmonary failure (Pao 2 < 50 mm Hg at Fio 2 of 1.0).
Pulmonary vascular leakage was evidenced by a marked increase in transvascular fluid flux (Fig. 5A) . In control animals, pulmonary lymph flow increased more than 10-fold within 24 hours and stayed at this level until the end of the study period (p < 0.001 vs BL each). Similar changes were seen in pulmonary permeability index (Fig. 5B) , that is, a significant increase starting at 12 hours and persisting until 48 hours (p < 0.001 vs BL each). The continuous infusion of rhATIII reversed these increases in pulmonary transvascular fluid flux (12-48 hr: p ≤ 0.001 vs control each) and permeability index (12-48 hr: p ≤ 0.001 vs control each). In addition, bloodless lung wet-to-dryweight ratio was significantly lower in animals treated with rhATIII than in control animals (p = 0.015) ( Table 2 ).
DISCUSSION
The major findings of the present study are that a continuous infusion of 6 IU/kg/hr rhATIII restored ATIII plasma concentrations and reduced neutrophil activation, adhesion, as well as transendothelial migration and thereby attenuated pulmonary microvascular endothelial hyperpermeability and severity of ALI following burn and smoke inhalation in a clinically relevant ovine model. Notably, the interaction of rhATIII with the syndecan-4 receptor represents a potential mechanism of action.
The present study provides in vivo evidence that the restoration of endogenous ATIII plasma levels significantly attenuated the increased adhesion of activated neutrophils and their subsequent transendothelial migration to the pulmonary interstitium that was evident in control animals. This statement is supported by the results of three independent methods: the decrease in lung tissue myeloperoxidase activity, an index of neutrophil accumulation (21) ; the lower histological scores for alveolar as well as interstitial neutrophils; and the reduced number of neutrophils in the lung lymph. Neutrophil adherence to the endothelium can directly induce endothelial injury resulting in vascular leakage and eventually pulmonary edema (22, 23) . The clinical relevance of neutrophils in the pathogenesis of inhalation injury was confirmed by Basadre et al (24) , who demonstrated that in leukocyte-depleted sheep the characteristic changes, such as a fall in Pao 2 /Fio 2 ratio and an increase in MPAP and transvascular fluid flux, were markedly attenuated. Activated neutrophils also directly damage the lung by producing reactive oxygen species (25) . These reactive oxygen species react with nitric oxide (NO) to form reactive nitrogen species, such as the highly cytotoxic peroxynitrite. Treatment with rhATIII reduced pulmonary nitrosative stress following burn and smoke inhalation as indicated by a reduction of pulmonary 3-nitrotyrosine levels, which represent a stable in vivo biomarker of peroxynitrite (26) , and excessive NO production (plasma NOx) as compared to control animals. The critical role of nitrosative stress in the pathogenesis of ALI is supported by several experimental studies (25) .
A potential mechanism for the reduced neutrophil activation and transendothelial migration represents the interaction of rhATIII with the syndecan-4 receptor on endothelial cells and neutrophils (10) . Binding of antithrombin to the syndecan-4 receptor leads to an inhibition of the intracellular signal transduction cascade initiated by inflammatory stimuli (27) . In the present study, this hypothesis was supported by flow cytometric analysis that revealed a peak in CD11b/syndecan-4-positive neutrophils in control animals in accordance with the maximum of transvascular fluid flux at 24 hours postinjury. Contrary, the continuous infusion of rhATIII blocked the syndecan-4 receptor, thereby reducing the number of syndecan-4 receptor-activated neutrophils and the subsequent increase in transendothelial migration. Critically, a causal relationship between the reduction in syndecan-4 receptor-activated neutrophils and the attenuated vascular leakage cannot be proven based on the present results. However, the present in vivo findings are supported by numerous in vitro studies demonstrating that ATIII regulates neutrophil migration by interacting with the syndecan-4 receptor (9-11, 28), making this hypothesis very likely. Future research may focus on the effects of ATIII on actin cytoskeletal elements, intercellular adhesion molecules, and cell migration to further elucidate the detailed mechanism.
Clinically, the inhibition of neutrophil activation and transendothelial migration by rhATIII almost completely prevented the fulminant vascular leakage seen in the control group, as evidenced by values for transvascular fluid flux and pulmonary permeability index that were close to BL level. As a consequence, pulmonary edema represented by the bloodless lung wet-to-dry-weight ratio and the histological edema score was significantly attenuated in rhATIII-treated animals. These results strongly suggest that rhATIII reduced pulmonary endothelial permeability to water, protein, and neutrophils via an attenuated neutrophil activation. This hypothesis is supported by studies in endotoxin-induced ALI in rats that received a prophylactic bolus of 250 IU ATIII (29, 30) . The reduction in pulmonary vascular leakage was elegantly demonstrated by measuring the content of 125 I-labeled bovine serum albumin in the lung versus the blood. In line with the present findings on syndecan-4, the authors proposed an interaction with heparin-like substances on the endothelial surface as a mechanism for the inhibition of leukocyte activation. Similarly, in crushed injury-induced ALI in rats, ATIII (therapeutic bolus of 250 IU/kg) reduced the pulmonary accumulation of inflammatory cells and the expression of vascular cell adhesion molecule-1 (31) . The superiority of ATIII versus other anticoagulants, such as heparin, activated protein C, or tissue factor pathway inhibitor, in attenuating ALI-associated inflammation was reported in two rodent models of pneumonia (32, 33) . Whereas all anticoagulants attenuated pulmonary coagulopathy, only ATIII reduced bacterial outgrowth and histological changes.
Another hallmark of smoke inhalation injury is the progressive airway obstruction resulting from reactive bronchoconstriction, airway mucosal edema, fibrin deposition, as well as obstructive cast formation (34) . In the present study, rhATIII-treated animals suffered from less www.ccmjournal.org e445 airway obstruction than control animals, as evidenced by the reduced histological airway obstruction scores. In this context, it is important to consider that ATIII has potent anticoagulant effects by inhibiting the formation of thrombin (35) . The reduction in airway pressures and an improvement in pulmonary gas exchange due to the prevention (12) or lyses (36) of fibrin, respectively, by using aerolized anticoagulants have been reported in the literature. In addition, the inhibition of neutrophil activation by rhATIII probably contributed to the reduced cast formation, since neutrophils not only promote the coagulation cascade but are also constituents of these airway casts (18) . This assumption is supported by Murakami et al, who reported that IV administration of rhATIII resulted in increased ATIII concentrations in the bronchoalveolar fluid. Because the difference between peak and plateau pressures was unchanged in the rhATIII group, a reduction in elastance due to attenuation of pulmonary edema (as opposed to airways resistance) probably represented the main reason for the reduced airway pressures.
Combined burn and smoke inhalation injury resulted in a fulminant pulmonary failure in untreated animals fulfilling the criteria for acute respiratory distress syndrome (Pao 2 /Fio 2 ratio < 200 mm Hg) already after 24 hours. Two animals of the control group had to be killed before the end of the study period because sufficient oxygenation (Pao 2 /Fio 2 ratio > 50 mm Hg) could not be achieved despite increasing Fio 2 and ventilatory pressures. Contrary, in animals treated with rhATIII, pulmonary dysfunction was significantly attenuated with Pao 2 /Fio 2 ratios more than twice as high than in the control group at 24 and 48 hours. The reduction of vascular leakage, pulmonary edema, nitrosative stress, and airway obstruction probably all contributed to this finding.
Finally, it is important to note that the treatment with rhATIII was not associated with an increased risk of bleeding, as suggested by no statistical differences in plasmatic coagulation variables (Table 1 ) and histological analysis of pulmonary hemorrhage ( Table 2 ). This finding is supported by numerous experimental studies, using even higher doses than 6 IU/kg/hr (29, 31) . In respect to bleeding complications, the combination with heparin rather than the dose of antithrombin seems to be the critical factor (37) . Notably, the prevention of a severe decrease in ATIII plasma levels might represent itself a beneficial effect because mortality of burn patients is associated with the reduction of ATIII plasma levels (5) .
This study has some limitations that we want to acknowledge. The present model was associated with a mortality of 33% in the control group. Because there was no causal treatment of the burn, differences in survival time in the current study should not be overestimated. Furthermore, the effects of the investigated therapeutic approach were only analyzed during the acute phase of the injury. As the primary goal of the present study was to investigate the mechanism of action of rhATIII, the study period of 48 hours, however, was appropriate. Nevertheless, future studies are warranted to elucidate the long-term effects. Another limitation is the lack of a rhATIII-treated sham group, especially in the context of the anticoagulant effects of antithrombin. In addition, interpretation of the current data is limited by the use of previously healthy animals, whereas the majority of patients typically suffer from comorbidities. Finally, the risk of false-positive results in a study with numerous outcome variables and time points has to be taken into consideration.
CONCLUSIONS
In summary, the present study provides evidence for the interaction between antithrombin and neutrophils in vivo, its pathophysiological role in vascular leakage, and the therapeutic potential of rhATIII in a large animal model of ALI. These findings may promote the performance of clinical studies to confirm these promising experimental results.
